objectives Improved life expectancy and reduced transmission probabilities due to ART may result in behavioural disinhibition -that is an increase in sexual risk behaviour in response to a perceived lower risk of HIV. We examined trends in sexual risk behaviour in the general population of subSaharan African countries 1999-2015.
Introduction
The roll-out of antiretroviral therapy (ART) for HIVinfected people in sub-Saharan Africa (SSA) since 2004 is one of the most impressive public health achievements worldwide and has resulted in an estimated 12 million people in SSA receiving ART in 2015 [1, 2] . As a result, general life expectancy on the sub-continent has improved substantially [3] . In addition, due to reduced viral loads of people on effective ART, HIV transmission probabilities can be reduced by as much as 96% [4] .
Mathematical modelling has shown that, due to the effects of ART on transmission, expanded access to ART could substantially reduce incidence [5, 6] , and potentially even eliminate HIV in the long run [7, 8] . However, concerns have been raised that behavioural disinhibition might negate these effects [9] . Behavioural disinhibition, or risk compensation, entails people adapting their behaviour in response to changes in an individuals' perceived risk of a given condition [10] . In the case of HIV and expanding access to ART, this means an increase in sexual risk behaviour in response to a perceived lower risk of getting infected, or a perceived lower threat of the disease as it is no longer untreatable [7] .
Concerns about behavioural disinhibition in patients receiving ART in low-and middle-income countries (LMICs) have been discussed in two reviews, and both Kennedy et al. (2007) and Berhan et al. (2012) concluded that ART did not result in increased sexual risk behaviour [11, 12] . However, both studies focused on changes of risk behaviour among HIV-infected individuals receiving ART, while little is known about the change in behaviour in the general population. Similarly, Crepaz et al. [13] showed that patients receiving ART in high-income countries (HICs) -where ART was introduced in the mid-90s -did not increase their sexual risk behaviour, yet studies among specific sexual risk groups, for example men who have sex with men (MSM), did show an increase in sexual risk behaviour after ART became available [14] [15] [16] [17] [18] .
We performed a literature review of studies of general population sexual risk behaviour in SSA before and after the start of the ART roll-out and performed a meta-analysis on changes in risk behaviour over time.
Methods

Search strategy
We performed the literature search in the following electronic databases: Embase, Medline (OvidSP), Web of science, PubMed publisher, Cochrane and Google Scholar using a customised search strategy for each database. The search strategies combined the following MeSH terms: 'risk taking', 'unsafe sex', 'sexual behaviour', 'risk behaviour', 'risk compensation', 'highly active antiretroviral therapy', 'HIV' and 'elimination', as well as full-text words: 'behavioural disinhibition', 'risk compensation', 'circumcision', 'condom', 'prostitution', 'polygamy', 'HAART', 'decrease', 'increase', 'safe', 'unsafe', 'protect' and 'unprotect'. The literature search was performed on the 20th of May 2014, and is presented in detail in the supplementary material (Appendix S1). We also included online published data from Demographic and Health Surveys (DHSs) (http://dhsprogram.com/Data/), which are nationally representative household surveys on population and health in LMICs. The standard DHS collects information on four indicators of sexual risk behaviour: condom use, numbers of sexual partners, commercial sex and sexual transmitted infections (STIs) over the 12 months prior to the survey.
Study selection
Peer-reviewed studies were eligible for inclusion in this review if they met the following criteria: (i) written in English; (ii) containing primary or secondary data analysis of at least one of the indicators: unprotected sex, multiple sexual partners, commercial sex or STIs; (iii) minimum study size of at least 100 participants; (iv) was performed in SSA; and (v) showing data from both before and after 2004.
The indicator unprotected sex was defined as reporting unsafe sex or not using a condom. Having multiple sexual partners was defined as reporting two or more sexual partners in the past year. Commercial sex was defined as having paid for sex, that is with money, favours or gifts, in the last year. Finally, STI prevalence was defined as either prevalence determined through any STI or STI syndrome testing, or self-reported prevalence of STIs or STI symptoms, in the last year. A study was excluded if: (i) the original language was not English; (ii) was a comment, editorial, review or qualitative study; (iii) focused on drug users; (iv) was a duplicate reference from a different database; and (v) if it solely reported data derived from DHSs, as we collected these data separately.
Initial study selection from the electronic database search was performed by two independent reviewers. Studies were initially screened on the basis of title and abstract. Final inclusion of studies was based on a thorough reading of the full-text article. In addition, reference lists of the retrieved articles were screened for additional studies that could meet our inclusion criteria.
For the inclusion of DHSs, we selected all countries in SSA that had performed at least two surveys over the period 1999-2015 and had collected data on at least one sexual risk indicator in both surveys. Data were obtained from the online data repository for DHSs (http://dhspro gram.com/Data/).
Data extraction and management
Data extraction for the peer-reviewed literature was performed by making use of a data collection form to obtain all relevant information from the studies, based on the Cochrane HIV/AIDS group and the PRISMA guidelines [19, 20] . The following data were extracted from the studies: (i) general information: first author, title, publication year, journal, study location and study year; (ii) study characteristics: study objectives and aims, study design, duration of the study, study population and statistical methods; and (iii) results: indicators of sexual risk behaviour.
For DHS studies, we obtained individual level data through the online repository (http://dhsprogram.com/Da ta/). For each country, we collected the data on four sexual risk indicators: condom use at last sex act with nonspousal partner; reporting multiple partners in the last 12 months; reporting sex in exchange for money or goods in the last 12 months (men only); and reporting an STI over the past 12 months, for all years for which they were reported, and pooled the data by country, indicator, year and sex. To correct for disproportional sampling and missing, DHS applies country and survey-specific weights to the data. We applied all standard DHS weights needed to generalise individual-level data to national estimates but did not apply any weights to correct for differences in sample size between countries and surveys.
Analysis
We developed an Excel data set containing all study characteristics and results per sexual risk indicator. For peerreviewed studies, we then examined differences in sexual risk behaviour before and after the roll-out of ART by plotting the pre-2004 prevalence of risk behaviour indicator on the x-axis, and the post-2004 prevalence on the yaxis. By adding a line of equality -1:1 line -we could observe whether the prevalence of risk behaviour increased (data points above the line of equality); decreased (data points below the line of equality); or remained the same (data points close to the line of equality) in the post-2004 period compared to the pre-2004 period.
For the DHSs, we plotted all data on the sexual risk indicators over time, by country and indicator, for both men and women. We performed pairwise comparisons between consecutive surveys within a country to count the number of times an increase or decrease in risk behaviour was reported. In order to summarise the overall trend for each indicator across the countries, we developed a mixed-effects logistic regression model for men and women separately, with year fixed effects to determine trends over time, and country random effects to correct for dependency of observations within countries. In addition, we tested for nonlinearity in the trend by including a year-squared parameter. For each indicator, we used the parameter coefficients for the intercept, year fixed effect and year-squared fixed effect (where applicable) from the logistic regression models to calculate the annual log-odds for reporting an indicator of sexual risk behaviour for the period 2000-2015, and we then converted them to annual odds (P) using e logit and calculated the corresponding probabilities (p) as p = P/(1 + P). All analyses were performed with Microsoft Excel and R.
Results
The initial search strategy identified 2196 articles from the six electronic databases. After removing the duplicates, 1322 articles were screened on title and abstract and 62 full-text articles were read. From these 62 articles, 60 were excluded with the following reasons: not describing time trends; no primary or secondary data analysis; focusing on pre-exposure prophylaxis, voluntary counselling and testing, or ART adherence; focusing on HIV-infected people only; reporting data from DHSs; not reporting relevant data on HIV-uninfected population, resulting in two articles that met our selection criteria (Figure 1 ). DHS data were available from 18 countries and are summarised in Tables S2 and S3 . Figure 2 shows the observed prevalence of sexual risk behaviour in post-2004 compared to pre-2004 from the two peer-reviewed studies, one from Uganda [21] and one from Tanzania [22] . Both showed decreasing rates of unprotected sex post-2004, and the study from Cawley et al. [22] in Tanzania Figures 3 and 4) show that unprotected sex continuously decreased, from 54% in 2000 to 36% in 2015 for men, and from 75% in 2000 to 51% in 2015 for women. Including a year-squared parameter did not significantly improve the models.
In contrast, the prevalence of self-reported multiple partners in SSA has been increasing over the past years for both men (Figure 3b ) and women (Figure 4b ). Of 37 pairwise comparisons for men, 20 showed an increase in reported multiple partners and 17 of those occurred after 2004, suggesting an initial decrease before the ART scaleup and an increase thereafter. Similarly, for women, 19 of 37 comparisons showed an increase, of which 16 were after 2004. Our best-fitting mixed-effects logistic models included a squared-year parameter and showed initial declines over the period 1999-2008, from 17% to 13% in men and 1.9% to 1.3% in women; and an increase to 16% and 1.6% by 2015 for men and women, respectively.
Increasing trends were also found in self-reported STI prevalence for both men (Figure 3d ) and women (Figure 4c) . For men, the prevalence of self-reported STIs increased in 19 of the 37 pairwise comparisons, and for women, this was in 31 of 37 pairwise comparisons. Our mixed-effects models show a continuous increase for men, from 4% in 1999 to 6% in 2015, and a squaredyear parameter did not improve the model. For women, prevalence was stable at about 7.5% over the period 1999-2005 and increased substantially thereafter, to 13.1% in 2015.
Finally, self-reported commercial sex for men showed similar trends compared to self-reported multiple partners. Of 37 pairwise comparisons, 26 showed an increase in reported commercial sex, of which 20 were after 2004.
Our mixed-effects model shows that an initial decline, from 5% in 1999 to 2% in 2008, is counteracted by an increase to 4% in 2015. Details about the main findings of each peer reviewed study can be found in Table S1 , all data from DHSs are given in Tables S2 (men) and S3 (women), and the regression models are given in Table S4A -D.
Discussion
We summarised and performed meta-analyses on peerreviewed literature on sexual behaviour in SSA before and after the ART roll-out, and on all indicators of sexual risk behaviour from DHSs in 18 SSA countries over the period 1999-2015. We found no clear indication of behavioural disinhibition after the roll-out of ART in SSA, yet several indicators of high risk sex in the DHSs were increasing over the years of the ART roll-out. Most notably, reporting multiple partners over the past 12 months has increased consistently across almost all countries, as well as reported STIs and commercial sex (men only). However, reported unprotected sex with a non-spousal partner decreased consistently across the 18 countries, for both sexes. These observations were supported by data derived from the two peer-reviewed literature studies included in this review.
Our findings on declining rates of unprotected sex are in line with studies looking at changes in risk behaviour among HIV-infected people before and after treatment initiation, where reductions in unprotected sex were found after treatment initiation in the both general population clinic attendees [23, 24, 25] and commercial sex workers [26, 27] . In addition, a study in Uganda found that risk behaviour of HIV-uninfected household members of HIV-infected people did not increase after ART initiation [28] . Furthermore, no evidence was found of an increasing trend in unprotected sex in the period after ART became available in a rural high HIV prevalence South African community [29] , yet this study did not show data on the period before the scale-up of ART. Finally, our results of increasing numbers of partners after the roll-out of ART is consistent with findings from Shafer et al. [30] , who showed that the average number of casual partners increased from 0.2 to 0.3. We found increases in several indicators for high risk sex. However, whether these increases actually result in an increased risk for HIV transmission is unclear. Next to the observed increase in people reporting multiple partners and men reporting commercial sex, we also observed that unprotected sex in non-spousal partners decreased substantially. If increased numbers of nonspousal and commercial partners are primarily protected with condom use, the actual increased risk for HIV transmission is likely limited. Current epidemiological trends of HIV, where incidence is decreasing and prevalence is slowly levelling off and stabilising in most countries [31] , support the latter hypothesis. For many countries, the decline in incidence already started before the scale-up of ART [32] , suggesting that the decline cannot (solely) be attributed to the transmission effects of ART. In addition, the scale-up of ART alone does not seem to be sufficient to explain the observed incidence declines, suggesting that safer sexual behaviour over the same period contributed at least partly to the declines [33] . On the other hand, we also found increasing rates of self-reported STIs. This could reflect that, even though condom use increased, there might be an increase in unprotected high-risk sex. On the other hand, an increase of self-reported STIs could also reflect an improvement of access to services instead of an actual increase in STIs.
A potential reason for the observed trends in risk behaviour, especially unprotected sex, is the concurrent scaleup of other prevention interventions alongside ART. Large-scale investments in HIV preventions such as raising awareness and behaviour change [34] , (free) condom distributions [35, 36] or voluntary counselling and testing [37, 38] have been made over the past decades. All these prevention programmes could cancel out the behavioural disinhibition effect of ART. Nevertheless, it will be important to continuously monitor sexual risk behaviour in SSA. As the AIDS response matures and HIV continues to decline, the attention for HIV might still move towards the background, subsequently reducing awareness and perceived risk of HIV in the population. We aggregated data on sexual behaviour across the entire subcontinent of SSA. However, sexual risk behaviour is context specific and differs across SSA by population, social norms, public health messaging and the stage of the HIV epidemic and the response to it, which might mean that trends in a specific country differ from the general trends across SSA. For instance, a summary of repeated household surveys in South Africa found that the number of people with two or more recent partners had increased from 11.5% in 2002 to 18.3% in 2012 and that condom use at last sex act had decreased, from 45% in 2008 to 36.2% in 2012 [39] . Continued monitoring and analysis of trends in risk behaviour in the population through behavioural or STI surveys at the national and subnational level is therefore essential. In addition, besides the perceived risk of HIV, sexual risk behaviour is affected by many other socio-economic and cultural determinants and therefore difficult to predict for the future [40, 41] .
Our study has some limitations. First, there were few studies examining behaviour before and after the rollout of ART, and from few countries, resulting in only two studies identified and included in the review of peer-reviewed literature. However, we were able to collect a large amount of sexual behaviour data from DHSs in 18 SSA countries from Southern, Eastern and Western Africa, spanning a time period of 16 years (1999-2015) . Second, this is an ecological study and we should therefore be careful about conclusions on causality. Third, the studies in our review concerned data on self-reported risk behaviour, which are notorious for their social desirability bias [42] [43] [44] [45] . Due to widespread educational messages on safe sex, people may have learned to report safer sexual behaviour because it is socially desirable, especially the use of condoms, but not practice it in real life. Therefore, observed declines in unprotected sex could be biased by a change in reporting the behaviour, rather than a change in the behaviour itself. Third, it should be noted that DSHs usually cover the general population through household surveys. Even though some questions about commercial sex are part of the survey, it does not explicitly cover core groups of high risk, such as sex workers and their clients, men who have sex with men and people who inject drugs, and we were therefore unable to examine trends in these populations. As these populations are at increased risk, behavioural disinhibition in these populations would disproportionally affect the epidemic, and more research into behavioural trends in these groups will be important. Finally, it is important to emphasise that the indicators from the DHSs do not necessarily directly compare to the indicators derived from the peer-reviewed literature, as the definitions of for instance unprotected sex depend on the questions asked in the studies. However, due to limited number of peer-reviewed studies, our main outcome and conclusion is derived from summarising DHSs, which have standardised questions and definitions across surveys.
In conclusion, we found no clear evidence of behavioural disinhibition due to expanded access to ART in SSA. Substantial increases in condom use coincide with increases in reported multiple partners, commercial sex and STIs. Continuous monitoring of both the general population and high-risk populations across SSA will be essential as the AIDS response matures, to ensure that the substantial achievements in controlling the HIV epidemic over the past decades are maintained and expanded.
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